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Introduction 
One way to ensure low carrier leakage is to have a 90◦ phase shift between 
ports in each port pair (P3, P4) and (P5, P6), respectively. In general the phase shift 
and amplitude scaling between the ports in a port pair will deviate from their ideal 
 
International Scientific Conference Proceedings 




values when the actual frequency deviates from the center (designed) frequency f0. 
Operating at a frequency where the amplitude and/or phase shift is not ideal will de-
grade the carrier leakage suppression and error vector magnitude (EVM) perfor-
mance. Hence a model to predict the performance as a function of the S-parameters 
of the phase shifting network is derived. Using the derived model, a wideband phase 
shifting network is proposed and optimized. A six-port modulator using the wideband 
phase shifting network is shown in Fig. 1. 
Theory 
The reflection coefficient Γx looking out of port Px of the six-port and towards 
the phase shifting network (the two port network) is given by 
      
(1) 
where ΓL,x is the reflection coefficient looking into the impedance load Zx and mod-
eled according to [1], i.e., 
      
(2) 
The S-parameters for the phase shifting network are assumed to be given by 
      (3) 
 
 
Fig. 1. Schematic of the six-port modulator using a broadband phase shifting network 
to suppress carrier leakage [2] 
 
where and A the amplitude scale factor and φ the phase shift. Calcu-
lating for I-channel ΓI = Γ3+Γ4 and by using ∆Γ3 = −∆Γ4 = ∆Γ it follows from (1) - (3) 
    (4) 
where φ = 0 and A = 1 were used for the phase shifting network responsible for Γ3. 
As expected from previous analysis, when A = 1 and φ = 90◦ there is no carrier leak-
age and ΓI = 2∆Γ. If  and/or 90
◦  the ΓI vector is distorted resulting in both 
carrier leakage and EVM degradation. Owing to circuit symmetry the same analysis 
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Carrier Leakage Dependence on Amplitude and Phase Mismatch 
To find the carrier leakage (4) is used with ∆Γ = 0. For matched ports, the 
transmitted output power  is related to the LO power  by 
: 
     
(5) 
The same impedance loads Zx are assumed to be used on ports P3 - P6, there-
fore ΓQ = ΓI . Using (4) in (5) it follows that the leakage power ratio Rleakage is 
,    (6) 
where 
 
is the error function and is dependent on the actual amplitude A and phase φ of the 
phase shifting network. In the ideal case A = 1, φ = 90◦ and Ef = 0, so there is no car-
rier leakage according to (6). Hence by knowing how A and φ vary with frequency, 
i.e., if the S-parameters of the phase shifting network are known, the carrier leakage 
suppression can be predicted. 
EVM Dependence on Amplitude and Phase Mismatch 
The EVM is given by [3] 
    
(7) 
Owing to symmetry both the I and Q channels will be affected in the same way 
so only the I channel is calculated. The reference (ideal) ΓI,ref magnitude square is 
found by using A = 1 and φ = 90◦ in (4) 
     
(8) 
the actual error vector ΓI,error is 
    (9) 
using (8) and (9) in (7) the EVM is then found to be 
 
The EVM is therefore proportional to the square root of the error function Ef. 
For the special case ΓCM = 0 there is no carrier leakage according to (6) and the EVM 
is only dependent on Ef as . The link between EVM and Ef and 
therefore to the S-parameters of the phase shifting network can be utilized to design a 
phase shifting network with good performance. 
Broadband Phase Shifting Network Using Loaded Transmission Lines 
A phase shifting network based on adding a TL of length λ/4 at specific ports, 
e.g., at port P4 and P6, works well for narrowband applications. However, for more 
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many possible solutions our approach is based on a loaded transmission line [4]. A 
six-port modulator using a phase shifting network based on the loaded transmission 
line is shown in Fig. 1. Referring to Fig. 2, the references branch is a TL with an elec-
trical length φr = 270
◦. In the other branch a TL of electrical length 2φm = 180
◦ is 
loaded with an open circuit (O.C) stub at the center with length φs = 180
◦. All electri-
cal lengths are defined at the center frequency f0. Compared to a single TL, the loaded 
TL helps to keep the phase difference close to 90◦ over a wider bandwidth. Amplitude 
and phase variations over frequency depend on the impedances Zm and Zs. Hence the 
phase shifting network can be optimized for carrier leakage suppression and the min-
imum EVM degradation, if the optimization goal is to minimize Ef over the frequency 
range of interest. 
 
Fig. 2: Broadband phase shifter using a loaded transmission line [2]. 
Results 
Since the use of λ/4 TL is a narrow-band phase shifting network, the perfor-
mance will degrade outside of the center frequency. The simulated performance of Ef, 
and therefore the carrier leakage suppression according to (6), for a phase shifting 
network based on a TL and for the broadband phase shifting network is compared in 
Fig. 3. 
 
Fig. 3. Simulated Ef for a transmission line phase shifting network (TL) and for the 
optimized broadband phase shifting network terminated with an open circuit (OC) 
and short circuit (SC) [2] 
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In the simulation an ideal sixport correlator is used. Hence by implementing 
the broadband phase shifting network instead of the λ/4 TL the carrier leakage can be 
suppressed over a much wider bandwidth. For an EVM of less than 10% requires Ef ≤ 
−14 dB. An EVM of less than 10% is achived with the broadband phase shifting net-
work over a relative bandwidth of about 60%, to compare with the relative bandwidth 
of about 12% for the λ/4 TL phase shifting network. 
Conclusion 
The performance of the carrier leakage suppression and the modulation per-
formance in terms of EVM were further investigated as a function of the phase shift-
ing network. Both carrier leakage suppression and the EVM performance can be de-
scribed by the same error function. The error function is directly related to the ampli-
tude and phase behavior of the phase shifting network, i.e., it is related to the S-
parameters of the phase shifting network. For wideband performance, a loaded TL 
was proposed as one possible solution to implement the phase shifting network. It 
was designed and optimized with help of the derived error function. 
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1. Introduction 
The emergence of additive technologies and rapid prototyping techniques revo-
lutionized the high-tech industries, for instance aviation and aerospace industry, nu-
clear industry, medical and instrumentation. They are characterized as small-scale or 
piece production. Using new methods for the synthesis of forms and synthesis models 
by layering synthesis technology allowed to drastically reduce the time to create new 
products. Since a number of independent parts can be manufactured simultaneously, 
the implementation of such technologies leads to the necessity of solving the problem 
